Three Binder of SPerm proteins (BSP1, BSP3, BSP5) are secreted by bovine seminal vesicles into seminal plasma and adsorbed onto sperm. When sperm inseminated into the female reach the oviduct, the BSP proteins bind them to its epithelial lining, forming a sperm storage reservoir. Previously, we reported that binding of capacitated sperm to oviductal epithelium in vitro is lower than that of uncapacitated sperm and we proposed that reduced binding was due to loss of BSP proteins during capacitation. Because of differences in amino acid sequences, we predicted that each BSP would respond differently to capacitating conditions. To test whether all three BSP proteins were lost from sperm during capacitation and whether the kinetics of loss differed among the three BSP proteins, ejaculated bull sperm were incubated under various capacitating conditions, and then the amounts of BSP proteins remaining on the sperm were assayed by Western blotting. Capacitation was assayed by analysis of protein tyrosine phosphorylation. While loss of BSP1 was not detected, most of the BSP5 was lost from sperm during incubation in TALP medium, even without addition of the capacitation enhancers heparin and dbcAMP-IBMX. Surprisingly, a smaller molecular mass was detected by anti-BSP3 antibodies in extracts of incubated sperm. Its identity was confirmed as BSP3 by mass spectrometry, indicating that BSP3 undergoes modification on the sperm surface. These changes in the composition of BSP proteins on sperm could play a role in releasing sperm from the storage reservoir by modifying sperm interactions with the oviductal epithelium.
INTRODUCTION
Storage of sperm in oviductal reservoirs is a widespread phenomenon in eutherian mammals and has been described in cattle [1] , pigs [2] , sheep [3] , mice [4] , hamsters [5] , and humans [6] . Holding sperm in a reservoir in the lower oviduct serves to ensure that sperm will be available in a fertile state at the time of ovulation (reviewed in [7] ). Sperm are held in the reservoir by being bound to oviductal epithelium. In vitro, binding to the oviductal epithelium has been shown to prolong the motile lifespan of sperm of several species [6, [8] [9] [10] [11] [12] . Release of sperm from the reservoir is gradual, which helps to reduce the risk of polyspermy [13, 14] . The storage reservoir is also where many sperm undergo capacitation [5] , including hyperactivation of motility [15] . Although the sperm storage reservoir likely plays a critical role in the success of fertilization, the mechanisms involved in releasing sperm are poorly understood.
Binder of SPerm (BSP) proteins on the heads of bull sperm bind the sperm to the oviductal epithelium [16] . BSP proteins are produced by bovine seminal vesicles and represent approximately 70% of the total protein content of bovine seminal plasma [17, 18] . When bull sperm come into contact with vesicular secretions in the seminal plasma, BSP proteins are adsorbed on the sperm surface [19] . Sperm carry this surface coat of BSP proteins into the oviduct where the proteins mediate binding of sperm to the oviductal epithelium to form the storage reservoir in the lower oviduct [16] .
Three BSP proteins have been implicated in binding bull sperm to oviductal epithelium: BSP1 (previously known as PDC-109 or BSP-A 1 /A 2 ), BSP3 (BSP-A3), and BSP5 (BSP30kDa). Each of these proteins alone is capable of binding bull sperm to oviductal epithelium [20] . Each BSP protein contains a unique N-terminal domain followed by two fibronectin type II domains [21] that possess heparin [22] and phospholipid [23] binding sites. The phospholipid binding sites of BSP proteins interact with phospholipids in plasma membranes to anchor the proteins to the sperm surface [23] [24] [25] . BSP homologs have been identified in several species of mammals, including goats [26] , sheep [27] , bison [28] , humans [29] , and mice [29] , although the homologs of humans and mice are expressed in the epididymis rather than in the seminal vesicles [29] .
BSP proteins were used in an affinity purification scheme to identify their receptors on oviductal epithelium. The oviductal receptors identified by this scheme were four proteins in the annexin (ANXA) family. In that study, each BSP protein bound to different but overlapping sets of the ANXA proteins [30] . When explants of oviductal epithelium were pretreated with ANXA antibodies, the numbers of sperm that bound to the explants were significantly reduced [30] . It is still unclear whether BSP proteins interact via their N-terminal domains or their fibronectin type II domains or both with ANXA proteins. Identification on bull sperm of three proteins, each of which can act alone to bind sperm to oviductal epithelium, and the identification of four possible receptor proteins on the oviductal epithelium indicate that a variety of interactions are possible between the sperm surface and the epithelial surface.
Release of sperm from the storage reservoir has been associated with capacitation [5, 31] . When bull sperm are capacitated in vitro and then added to oviductal epithelium, the incidence of binding is significantly reduced [16, 32] . Capacitation (reviewed in [33] ) consists of cell signaling events that sperm undergo in order to gain fertilizing capacity, which include cholesterol efflux from the plasma membrane [34] , plasma membrane hyperpolarization [35] , activation of adenylyl cyclases and protein kinase A [36] , protein tyrosine phosphorylation [37] , and increase of cytoplasmic Ca 2þ [38] . It has been proposed that some of the plasma membrane modifications that occur during capacitation help sperm to detach from oviductal epithelium [5] . When bull sperm are capacitated in vitro and then added to oviductal epithelium, incidence of binding is significantly lower than that of uncapacitated sperm [16, 32] . Nevertheless, how the membrane modifications act to release sperm from the storage reservoir is not well understood. Loss of BSP1 from sperm has been associated with removal of cholesterol from the sperm plasma membrane during capacitation [39] ; therefore, it has been proposed that loss of BSP proteins during capacitation plays a role in releasing sperm from the oviductal epithelium [16] . This proposal is supported by the observation that when purified BSP1 was added to capacitated sperm, sperm binding to the oviductal explants was restored to the level of uncapacitated sperm, presumably because the BSP1 adhered to the surface of free-swimming sperm, causing them to attach to the oviductal epithelium [16] .
Loss of all BSP proteins could release sperm from the oviductal epithelium; however, differential loss of each of the BSP proteins could change the types of interactions that occur between sperm and epithelium. Because of differences in amino acid sequence among the three BSP proteins [40] and differences in binding specificities of each BSP for membrane phospholipids [19] , we proposed that each BSP protein would be released from sperm at a different rate during incubation under capacitating conditions. Differential loss of the BSPs could play a role in regulating the release of sperm from the reservoir, which appears to be a gradual process [1] . Consequently, these experiments were undertaken in order to test how each BSP responds to capacitating conditions. We were surprised by how different the responses were.
MATERIALS AND METHODS

Reagents and Media
Chemicals were purchased from Sigma-Aldrich Co. (St. Louis, MO), unless stated otherwise. Bovine serum albumin (BSA) and N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (HEPES)-free acid were purchased from EMD Biosciences (San Diego, CA). Protein phosphotyrosine antibody (clone 4G10), horseradish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG), and polyvinylidene fluoride (PVDF) membranes (Immobilon PSQ) were obtained from Millipore Co. (Temecula, CA). b-Tubulin antibody was obtained from Developmental Studies Hybridoma Bank (The University of Iowa, Iowa City, IA). Antibodies to each BSP protein were custom made by GenScript USA Inc. (Piscataway, NJ) from selected Nterminal polypeptides that were synthesized and then used to generate polyclonal antibodies in rabbits (Fig. 1) . Anti-BSP antibody binding to Western blots was visualized using goat anti-rabbit IgG conjugated with horseradish peroxide from Sigma-Aldrich Co. Protein G Dynabeads and goat anti-rabbit IgG conjugated with fluorescein isothiocyanate (FITC) were purchased from Invitrogen (Carlsbad, CA). Precision Plus protein standards Kaleidoscope was purchased from Bio-Rad Laboratory (Hercules, CA). StartingBlock T20 (TBS) Blocking Buffer and SuperSignal West Pico chemiluminescent substrate were purchased from Thermo Scientific (Rockford, IL). Complete protease inhibitor cocktail was purchased from Roche Applied Science (Indianapolis, IN). Enzymatic DeglycoMx kit was obtained from QA-Bio, LCC (Palm Desert, CA). A solution of Tyrode medium supplemented with BSA, lactate, and pyruvate (TALP) [41] was used for washing and incubating sperm.
Sperm Preparation and Treatments
Bovine semen was collected from fertile bulls and generously donated by Genex Cooperative, Inc./CRI (Ithaca, NY). Individual semen was diluted 1:5 in TALP immediately after collection and transported to the laboratory within 60 min in a 38.58C water jacket (bovine body temperature). Sperm were washed free of seminal plasma by centrifugation at 170 3 g for 10 min, followed by two 1:5 dilutions and centrifugations in TALP. Washed sperm were incubated at 50 3 10 6 cells/ml at 38.58C under 5% CO 2 in humidified air in TALP containing 10 lg/ml heparin [42] or 1 mM dibutyryl-cAMP plus 100 lM 3-isobutyl-1-methylxanthine (dbcAMP-IBMX) to enhance capacitation [43] . To inhibit capacitation, 5 mM glucose was added to TALP in the presence or absence of heparin or heparin plus IBMX plus dbcAMP [44] .
SDS-PAGE and Immunoblotting
Samples for SDS-PAGE were prepared as previously described [37] . Briefly, sperm were washed in 1 ml of PBS containing 0.2 mM Na 3 VO 4 (a phosphatase inhibitor) at 12 000 3 g for 3 min. Sperm proteins were extracted with SDS sample buffer [45] and boiled for 5 min, and supernatants were collected and stored at À208C after centrifugation at 10 000 3 g for 3 min to remove precipitates. Before gel electrophoresis, samples were thawed and a final concentration of 5% b-mercaptoethanol was added [43] . After boiling and centrifugation, protein extracts equivalent to specific numbers of sperm were resolved in 12% (for protein tyrosine phosphorylation) or 18% (for BSP protein analysis) polyacrylamide gels and transferred onto PVDF membranes.
Seminal plasma from fresh ejaculates was separated from sperm by using a Spin-X centrifuge 0.22-lm filter unit (Costar, Cambridge, MA). Isolated seminal plasma was diluted 1:500 in TALP and incubated at 38.58C for 5 h. A 20-ll sample of 43 SDS sample buffer and final concentration of 5% bmercaptoethanol were added to each sample at the end of incubation, and samples were subjected to further analysis.
For BSP and b-tubulin Western blotting, membranes were blocked with StartingBlock T20 Blocking Buffer for 1 h at room temperature and then incubated with combinations of different primary antibodies (BSP3, 350 ng/ ml; BSP1, 30 ng/ml; BSP5, 5 lg/ml; b-tubulin, 20 ng/ml) overnight at 48C. Preliminary studies were performed to demonstrate that the antibodies that were used together did not label any overlapping protein bands on the blots. Membranes were washed in Tris-buffered saline containing 0.1% (v/v) Tween-20 (TBST) three times for 10 min and then incubated in secondary antibodies (goat-anti-mouse or goat-anti-rabbit IgG conjugated with horseradish peroxidase at 1:8000 dilution) for 1 h at room temperature. Membranes were washed in TBST three times for 10 min, and reactive proteins were visualized by enhanced chemiluminescence and film detection or by using a ChemiDoc XRSþ system (Bio-Rad) with Image Lab software (Hercules, CA). For BSP protein quantification, radiographic films were scanned and band intensities of BSP proteins and b-tubulin were measured by using ImageJ software (National Institutes of Health; http://imagej.nih.gov/ij/). In order to calibrate the amount of BSP immunostaining to the amount of sperm extract added to each lane, the density of each BSP band was divided by the density of the tubulin band in the same lane.
To detect protein tyrosine phosphorylation, Western blots were made as described above, except that membranes were blocked with TBST containing 5% cold fish skin gelatin and probed with protein phosphotyrosine antibody at 200 ng/ml [37] . 
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Sperm BSP5 Immunofluorescence
After 5 h incubation in TALP, sperm were washed twice in 1 ml of PBS at 10 000 3 g for 3 min then resuspended in 0.5 ml of PBS. After 1:5 dilution in PBS, a 10-ll aliquot was spread evenly onto poly-L-lysine-coated slides and air dried at room temperature, and two penny-size circles were drawn on each slide with Super-PAP Pen (Beckman Coulter, Inc., Brea, CA) for staining. Sperm were blocked with 5% BSA in PBS overnight at 48C, incubated with a BSP5 antibody raised against a unique region of the N terminus ( Fig. 1 , dotted sequence) (52.6 lg/ml in 5% BSA in PBS) or 5% BSA in PBS for 1 h and then goat anti-rabbit IgG conjugated with FITC for 1 h. Sperm were examined, and images were taken by using an Axio Imager.Z1 (Zeiss, Peabody, MA).
BSP3 Immunoprecipitation
After 5 h of incubation in TALP, 75 3 10 6 sperm from individual bulls were pooled and washed in PBS at 12 000 3 g for 3 min at room temperature. Sperm proteins were extracted with 500 ll of radioimmunoprecipitation assay buffer containing protease inhibitors and incubated on ice for 30 min with vortexing every 10 min. Samples were then centrifuged at 10 000 3 g at 48C for 3 min, and the supernatant was collected and stored at À208C until use.
Protein G Dynabeads were prepared following the manufacturer's instructions. For immunoprecipitation, 10 lg of BSP3 antibody or preimmune rabbit serum was incubated with protein G Dynabeads for 100 min at room temperature on a rotator. The Dynabead-antibody complex was then washed twice with 200 ll of PBS containing 0.1% Tween-20, and protein lysate equivalent of 75 3 10 6 sperm was added to each tube. After 100 min of incubation at 48C on a rotator, the beads were washed three times with 200 ll of cold PBS, and then beads from 4-6 reactions (300-450 3 10 6 sperm equivalent) were combined. A 40-ll aliquot of SDS sample buffer containing 5% b-mercaptoethanol was added, and samples were boiled for 5 min. Proteins were resolved by electrophoresis in an 18% polyacrylamide gel, stained with colloidal Coomassie Blue. An aliquot of immunoprecipitated BSP3 was resolved and transferred onto a PVDF membrane for BSP3 Western blot analysis.
Protein Identification by Nanoscale Liquid Chromatography Tandem Mass Spectrometry Analysis
Bands of proteins of approximately 15 and 13 kDa were cut from SDS gels of immunoprecipitated protein (50-500 ng of protein) and then submitted for in-gel digestion by trypsin and extraction at the Cornell University Proteomics and Mass Spectrometry Core facility [46] . Nanoscale liquid chromatography electrospray ionization tandem mass spectrometry (nanoLC-ESI-MS/MS) analysis was carried out using a LTQ-Orbitrap Velos mass spectrometer (Thermo-Fisher Scientific, San Jose, CA) equipped with a ''plug and play'' nano ion source device (Corsolutions LLC, Ithaca, NY). The spectrometer was interfaced with a nano-HPLC carried out by using UltiMate3000 MDLC system (Dionex, Sunnyvale, CA).
The tryptic digest was reconstituted in 20 ll of 2% acetonitrile with 0.5% formic acid. The peptides (2-4 ll) were then injected onto a PepMap C 18 trap column (5 lm, 300 lm 3 5 mm; Dionex) at a flow rate of 20 ll/min for on-line desalting and then separated on a PepMap C 18 reversed-phase nanocolumn (3 lm, 75 lm 3 15 cm; Dionex), which was installed in the plug-and-play device with a 10-lm spray emitter (New Objective, Woburn, MA). Peptides were eluted in a 90-min gradient of 5%-38% acetonitrile in 0.1% formic acid at a flow rate of 300 nl/min. The spectrometer was operated in positive ion mode with nano spray voltage set at 1.6 kV and source temperature at 2758C. Internal calibration was performed with the background ion signal at 445.120025 m/z as the lock mass. The instrument was run in data-dependent acquisition mode by one precursor ion MS survey scan from 300 to 1800 m/z at a resolution of 60 000 using Fourier transform mass analyzer, followed by up to 7 MS/MS scans at a resolution of 7500 on the top 7 highest intensity peaks with multiple charged ions above an ion intensity threshold of 5000 in Fourier transform survey scan mode. Dynamic exclusion parameters were set at a repeat count of 1 with a 15-sec repeat duration, an exclusion list size of 500, a 30-sec exclusion duration, and 610 ppm exclusion mass width. Collision-induced dissociation parameters were set at the following values: isolation width, 2.0 m/z; normalized collision energy, 35%; activation Q, 0.25; and activation time, 0.1 ms. All data were acquired using Xcalibur version 2.1 software (Thermo Scientific).
MS Data Analysis
All MS and MS/MS raw spectra were processed using Proteome Discoverer version 1.2 (PD1.2) software (Thermo Scientific) against the Swiss-Prot bovine database with one missed cleavage site by trypsin allowed. The peptide tolerance was set to 30 ppm, and MS/MS tolerance was set to 0.8 Da. A fixed carbamidomethyl modification of cysteine, variable modifications on methionine oxidation, and deamidation of asparagine and glutamine were set. Data filtering parameters were set at 1% false discovery rate, and identification of at least two distinct peptides was required to confirm the presence of a protein. All MS/MS spectra at both termini were manually inspected and validated using PD1.1 and Xcalibur 2.1 software.
Deglycosylation of BSP Proteins
Purified BSP proteins were prepared from ejaculated semen as previously described [30] . Deglycosylation with an enzymatic DeglycoMx kit was performed according to the manufacturer's protocol to remove all N-linked oligosaccharides and most O-linked sugars. At the end of deglycosylation, an equal amount of 23 SDS sample buffer containing 10% b-mercaptoethanol was added to BSP proteins with or without deglycosylation enzymes. Samples were boiled for 5 min and resolved on an 18% polyacrylamide gel, and the gel was stained with Coomassie Brilliant Blue G250. Gel images were acquired using a ChemiDoc XRSþ system (Bio-Rad) with Image Lab software.
Assessment of Acrosome Status
Acrosome status was assessed as previously described with modifications [47] . After 5 h of incubation under various capacitating conditions, sperm were washed with 1 ml of PBS containing 0.2 mM Na 3 VO 4 and centrifuged at 12 000 3 g for 3 min. Sperm were then fixed in PBS containing 2% formaldehyde for 10 min at room temperature. After one wash in PBS and centrifugation at 1000 3 g for 3 min, sperm were permeabilized with 500 ll of ice cold 100% ethanol immediately with gentle pipetting to avoid aggregation and then stored at À208C until use. On the day of assessment, 10 ll of sperm suspension was evenly spread onto SuperFrost Plus slides (Pittsburgh, PA), and a penny-sized circle was drawn on each slide with a Super-PAP Pen (Beckman Coulter) for staining. Sperm were stained with 50 ll of FITC-conjugated lectin from Arachis hypogaea (peanut; 100 lg/ml in PBS) for 30 min in the dark at room temperature. After washing in PBS for 5 min, slides were mounted with Vectashield (Vector Laboratories Inc., Burlingame, CA) containing 1 lg/ml of propidium iodide to label nuclei and sealed with nail polish. For each slide, 200 sperm were scored from at least five different fields. Sperm with green fluorescent staining on the acrosomal region were scored as acrosome intact, while sperm with weak green staining on the equatorial region or no staining were scored as acrosome reacted [47] .
Statistical Analysis
Percentage data of acrosome-intact sperm were transformed using arcsine (square root). For the ratio measurements of band intensity, data were transformed using the natural log. Means were compared using ANOVA. A P value of 0.05 was chosen to indicate statistical significance.
RESULTS
Each BSP Responded Differently to Capacitating Conditions
Sperm samples used in all experiments were from individual bulls and were at least 85% motile at the beginning of incubation, and at least 80% of sperm remained motile at the end of incubation. Incubation for 5 h in the presence of both heparin and IBMX-dbcAMP produced the greatest increase in protein tyrosine phosphorylation ( Fig. 2A, arrows) , while incubation in TALP alone or with heparin added produced only a slight increase in protein tyrosine phosphorylation (mainly of proteins less than 20 kDa) over the course of 5 h, as expected, based on previous reports [41, 43] .
Although it has been reported that BSP1 is shed when cholesterol is removed during capacitation [39] , to our surprise, we did not detect a significant loss of BSP1 (Fig. 2B ) from sperm in any of the replicate experiments, even after 5 h of incubation under enhanced capacitating conditions that produced maximal protein tyrosine phosphorylation. The relative density of the BSP1 band was set at 1.00 at 0 h, and then means 6 SEM were determined from samples taken from sperm from 5 individual bulls after 5 h of incubation to be 1.06 6 0.04 with TALP alone, 1.03 6 0.04 with TALP plus heparin, and ALTERATIONS IN SPERM BSP PROTEINS 1.04 6 0.02 with heparin plus IBMX-dbcAMP. No differences were detected due to time or treatment (P ¼ 0.61).
We also did not detect a significant loss of BSP3 (P ¼ 0.53, 4 individual bulls) from sperm (Fig. 2C, 15 kDa) ; however, a detectable band with lower molecular mass (;13 kDa) increased in intensity during the incubation period. Because there is no predicted glycosylation site in BSP3 [40] , the change might have been due to the cleavage of amino acids from the protein. When heparin was present in the medium, smaller amounts of the 13-kDa band were detected.
After 5 h of incubation, little detectable BSP5 remained on sperm, even in TALP alone (Fig. 2D) , indicating that BSP5 was shed under minimal capacitating conditions. We attempted to detect BSP5 in concentrated supernatant but were unsuccessful. A protein band representing a molecular mass of approximately 37 kDa appeared in all sperm samples in the BSP5 Western blot but not in the positive control of seminal plasma (Fig. 2D) . The 37-kDa band could also be seen in epididymal sperm extracts (data not shown), indicating that it was not BSP5, because expression of BSP5 is limited to the seminal vesicles [48] . We had another antipeptide antibody made to a different unique region of BSP5 (Fig. 1, dotted  sequence) and also tested a polyclonal antibody made against purified BSP5, obtained from Dr. P. Manjunath (University of Montreal), and none of these antibodies labeled the 37-kDa band (data not shown).
To verify loss of BSP5 on sperm, we collected sperm at 0 or 5 h after incubation in TALP and labeled with BSP5 antibody against a different region at the N terminus (Fig. 1, dotted sequence) that is compatible with immunofluorescence labeling. We produced the antibody for immunofluorescence because, as mentioned above, the antibody for BSP5 Western blotting (Fig. 1, boldface type sequence) showed a 37-kDa nonspecific band. Sperm were not fixed for this assay because the antibody did not recognize BSP5 after fixation with formaldehyde. Strong BSP5 signal was observed on the sperm 6 sperm loaded per lane and resolved with a 12% polyacrylamide gel confirmed that sperm capacitation occurred under capacitating conditions. Proteins with increased tyrosine phosphorylation are indicated by arrows. Protein from 1 3 10 6 sperm (for BSP1, B), 5 3 10 6 sperm (for BSP3, C), or 8 3 10 6 sperm (for BSP5, D) were resolved by SDS-PAGE on 18% gels. All blots probed with anti-BSP antibodies, which were produced in rabbits, were simultaneously probed with mouse anti-b-tubulin (arrowhead) as a loading control. Seminal plasma (SP) was used as a positive control. Under all capacitating conditions, BSP1 (B, arrow) showed little change after 5 h of incubation. For BSP3 (C, arrows), a lower molecular mass of 13 kDa increased over time under all capacitating conditions. BSP5 (D, arrow) was not detected on extracts taken from sperm after 5 h of incubation, even when incubated in TALP without capacitation enhancers. All blots are representative of at least three replicate experiments.
HUNG AND SUAREZ head as well as in the midpiece at 0 h (Fig. 3A) ; however, after 5-h incubation, the intensity of BSP5 signal was significantly reduced (Fig. 3C) , suggesting a loss of BSP5 on sperm membranes or that some BSP5 was modified and no longer recognizable by BSP5 antibody. Sperm samples from 0 h (Fig.  3E ) and 5 h (Fig. 3G ) that omitted anti-BSP5 antibodies during the labeling process served as negative controls.
To confirm that the loss or modification of BSP proteins happened only when they were exposed to sperm, we incubated seminal plasma isolated from fresh ejaculate in our culture medium (TALP). After 5 h of incubation, we did not observe a degradation of BSP5 or the appearance of 13-kDa BSP3 (Fig. 4) , indicating that the alterations of BSP5 and BSP3 required the presence of sperm.
Loss or Modification of BSP Proteins Was Time-Dependent
To determine when BSP5 was lost and when BSP3 was modified, we incubated sperm in various capacitating conditions for different lengths of time. For BSP3, the appearance of the 13-kDa band was gradual (Fig. 5A ). As noted above, when heparin was present, the density of the 13-kDa band was reduced. BSP5 was barely detectable on sperm at 2.5 h under minimal capacitating conditions (Fig. 5A) , indicating that the loss started very early during incubation. Because the amount of BSP5 on fresh ejaculated sperm was very low, we increased the number of sperm to 25 million to examine the decrease of BSP5 over time. When sperm were incubated with TALP alone, after 3 h incubation, BSP5 was no longer detectable by Western blot analysis (Fig. 5B) .
Inhibition of Capacitation with Glucose Did Not Prevent BSP Loss or Modification
To examine whether the changes in BSP proteins were associated with capacitation, we incubated bull sperm under capacitating conditions in the presence of glucose, which is known to inhibit bull sperm capacitation as assayed by lysophosphatidyl choline-induced acrosome reactions and in vitro fertilization (IVF) [44] . The increase of sperm protein 
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tyrosine phosphorylation observed in the capacitating medium was inhibited when glucose was present (Fig. 6A) ; however, the loss of BSP5 and modification of BSP3 were not affected in the presence of glucose (Fig. 6B) . With or without glucose, when heparin was present, the formation of the lower molecular mass band detected by BSP3 antibody was reduced (Fig. 6B) .
Lower Molecular Mass Band Contained BSP3
To determine how BSP3 was modified during incubation of sperm, we immunoprecipitated BSP3 from sperm extracts and submitted the precipitates for nanoLC-MS/MS analysis. Both the 15-kDa and 13-kDa proteins were immunoprecipitated with BSP3 antibody and could be seen on an 18% polyacrylamide gel with colloidal Coomassie Blue stain (Fig. 7A, lane 2) . Immunoprecipitation with preimmune rabbit serum did not produce the 15-kDa and 13-kDa bands (Fig. 7A, lane 1) . To confirm that both bands contained BSP3, we performed a BSP3 Western blot, and only the sperm extracts immunoprecipitated with BSP3 antibody but not preimmune rabbit serum showed the two bands (Fig. 7B) . It is interesting that BSP3 antibody seemed to have higher affinity for the 13-kDa band than the 15-kDa band, as it is clear that there was more protein in the 15-kDa band in the gel stained with colloidal Coomassie Blue (Fig. 7A, lane 2) ; whereas, in the Western blot, the signal intensity of the 13-kDa band was stronger (Fig. 7B, lane 2) .
The two bands on the colloidal Coomassie Blue-stained gel were excised and sent for nanoLC-MS/MS analysis, which revealed that both bands contained BSP3. The sequence coverage combined from two separate analyses of sperm from two different bulls for the 15-kDa (Fig. 8A ) and the 13-kDa (Fig. 8B) bands were 82% and 41%, respectively. The C termini of BSP3 in both bands were covered, indicating that the C terminus of the 13-kDa form of BSP3 was intact. The difference between the 13-and 15-kDa BSP3 was found in the N terminus, where the 15-kDa BSP3 contained two more amino acids than the 13-kDa BSP3 (Fig. 8) . The sequence of the first 23 amino acids was not resolved in both bands. Although it had been reported that the first 25 amino acids are signal peptides (Fig. 8,  underlined ) [48] , mass spectrometry analysis showed that the BSP3 in the 15-kDa band contained at least two of the amino acids of the putative signal peptide (Fig. 8) .
Modification of BSP3 Was Not Due to Deglycosylation
It has been reported that BSP3 did not contain any covalently bound carbohydrate [18] . When searching for HUNG AND SUAREZ potential O-glycosylation sites by using NetOGlyc version 3.1 server (http://www.cbs.dtu.dk/services/NetOGlyc) [49] , we found no predicted O-glycosylation site on BSP3. Nonetheless, to eliminate the possibility that the molecular mass shift was due to the modification of glycosylation on BSP3, we treated purified BSP3 with enzymatic DeglycoMx kit (PNGase F, Oglycosidase, sialidase, b-galactosidase, and glucosaminidase) to remove all N-linked oligosaccharides and most O-linked sugars. After treatment, BSP3 (Fig. 9, lane 2) showed no molecular mass shift compared to the untreated BSP3 (Fig. 9 , lane 1), confirming that BSP3 is not glycosylated.
BSP5 was predicted to have 6 glycosylation sites [40] ; therefore, BSP5 was used as a positive control for the effectiveness of the deglycosylation treatment. After deglycosylation treatment, the molecular mass of BSP5 shifted from 25 kDa (Fig. 9, lane 5) to approximately 20 kDa (Fig. 9, lane 6) , indicating that the deglycosylation treatment was effective.
Two isoforms (BSP-A 1 and -A 2 ) of BSP1 (Fig. 9, lane 3) , which reportedly differ only in degree of glycosylation, have been detected on ejaculated sperm and in seminal plasma [18] . Although it is predicted by NetOGlyc 3.1 server that there are 3
. Western blot analysis of BSP proteins and protein tyrosine phosphorylation under capacitating and noncapacitating conditions. A) Proteins from 5 3 10 6 sperm were resolved by SDS-PAGE with a 12% polyacrylamide gel. After 5 h of incubation in TALP containing 10 lg/ml heparin or heparin plus 1 mM dbcAMP plus 100 lM IBMX, tyrosine phosphorylation increased on some proteins (arrows); however, the increase was not observed on sperm incubated when 5 mM glucose was present. B) Proteins from 8 3 10
6 sperm for BSP5, 5 3 10 6 sperm for BSP3, or 1 3 10 6 sperm for BSP1 were resolved by SDS-PAGE with an 18% polyacrylamide gels for BSP Western blots. After 5 h of incubation, the presence of glucose did not prevent the loss of BSP5 or the modification of BSP3. b-Tubulin was used as a loading control. Seminal plasma (SP) was used as a positive control for BSP proteins. Blots are representative of at least three replicate experiments, and all blots shown were from a single experiment. 
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O-glycosylation sites (serine 7, threonine 8, and threonine 11) on BSP1, Calvete et al. [50] reported that the upper band (BSP-A 1 ) of BSP1 contains one trisaccharide on threonine 11, and the lower band (BSP-A 2 ) does not contain carbohydrates. After deglycosylation treatment, we detected a slight shift in molecular mass of BSP-A 1 (Fig. 9, lane 4) , indicating a reduction in glycosylation. Although Manjunath et al. reported that BSP-A 2 contains 1.2-2% carbohydrate [18] , we did not detect a molecular mass shift of BSP-A 2 after 3 h of deglycosylation treatment (Fig. 9, lane 4) , which is consistent with the finding by Calvete et al. [50] .
Acrosomes Remained Intact after 5 h of Treatments
To eliminate the possibility that the loss/modification of BSP proteins were due to loss of acrosomes, we evaluated sperm acrosomal status after 5 h of incubation under all capacitating conditions. The percentages of acrosome-intact sperm did not significantly decrease after 5 h of incubation under any of the conditions (P ¼ 0.90) (Fig. 10) .
DISCUSSION
Release of sperm from the oviductal reservoir begins before ovulation [1, 51] ; however, how sperm release is stimulated or regulated is largely unknown. Capacitation of sperm is thought to play a crucial role in release of sperm, because the incidence of binding of capacitated bull sperm to oviductal epithelium in vitro is significantly lower than binding of uncapacitated samples [16] . Previously, we reported that each BSP protein alone (BSP1, BSP3, and BSP5) can bind sperm to oviductal epithelium [20] . Only BSP1 had been examined previously for effects of capacitation [39] , and the assumption was that the responses to capacitation of all three BSP proteins were similar.
In this study, we investigated how each BSP responded to capacitating conditions in order to determine whether loss of all three BSP proteins might serve to release sperm from the reservoir. Now we have demonstrated that these BSP proteins responded differently to capacitation conditions. Surprisingly, differences did not involve simply different rates of shedding of each type of BSP from the sperm surface. Whereas BSP5 was shed quickly from sperm and BSP1 was shed slowly, if at all, BSP3 was instead found to be modified on the sperm surface.
Bull sperm can be capacitated in vitro. Heparin, a glycosaminoglycan, was reported to accelerate bull sperm capacitation in vitro [42] and has been widely used to enhance bull sperm capacitation for IVF [52, 53] . When combined with dbcAMP and IBMX to increase intracellular cAMP, the increase of protein tyrosine phosphorylation associated with capacitation was maximized ( Fig. 2A) . IBMX and dbcAMP did not seem to produce an increase of protein tyrosine phosphorylation (Fig. 6A, lane 4) compared to TALP alone (Fig. 6A, lane 2) , which is consistent with the report by PonsRejrajir et al. [54] . Although the degree of protein tyrosine phosphorylation varied in response to different capacitating conditions, the responses of BSP1 (Fig. 2B) and BSP5 (Fig.  2D ) did not differ, suggesting that the changes in BSP1 and BSP5 are independent of the effect of heparin or cAMP. In contrast, heparin reduced the appearance of the cleavage product of BSP3 (Figs. 2C, 5A , and 6B), with or without addition of dbcAMP plus IBMX to the medium. It is therefore possible that heparin interfered with cleavage of the 15-kDa BSP3 or removed the 13-kDa product via interaction with the heparin binding sites on the fibronectin type II domains of BSP3 [22] . The former possibility is more likely, because we were not able to detect 13-kDa BSP3 in the supernatant (data not shown).
Glucose has been reported to significantly delay bull sperm capacitation, possibly by inhibiting a rise of intracellular pH [44] . In our experiments, incubation with glucose for 5 h did not affect the loss or modification of BSP proteins even though it inhibited tyrosine phosphorylation (Fig. 6) , suggesting that the factors that modulate BSP proteins on the sperm surface operate independently or upstream of capacitation pathways affected by glucose. Similarly, addition of heparin or heparin with dbcAMP plus IBMX to enhance capacitation did not significantly affect the behavior of BSP5, suggesting that loss of BSP5 from sperm occurs outside of or upstream of heparin and cAMP signaling. Modification of the sperm plasma membrane, particularly cholesterol efflux, which increases lipid disorder in the membrane, is one of the first events of sperm capacitation (reviewed in [33] ); therefore, capacitation- HUNG AND SUAREZ associated alteration in the movement of phospholipids in the membrane might reduce the affinity of BSP5 for the sperm surface.
The rapid loss of BSP5 signal was examined by two different measuring methods (immunoblotting and immunofluorescence) with two antibodies raised against different regions of BSP5. Even so, we still cannot rule out the possibility that BSP5 remained on sperm membranes but modified in a way that the antibodies no longer recognized the protein. Also, as we mentioned in Results, we did not detect BSP5 in the concentrated supernatant. Although it is unclear how the loss (or possibly modification) of BSP5 plays a role in fertilization, it has been reported that the amount of BSP5 in accessory sex gland fluid is inversely correlated with bull fertility [55] . It could be that excess amounts of BSP5 on sperm membranes caused sperm to bind longer to epithelium in the reservoir, consequently impairing sperm movement out of the reservoir. We recently discovered that frozen-thawed sperm have much more BSP5 than fresh ejaculated sperm (unpublished data). We are now investigating whether membrane damage during cryopreservation increases BSP5 attachment, which in turn decreases the fertility of frozen/thawed sperm.
In contrast to previous reports [16, 39] , we did not see a loss of BSP1 after 5 h of incubation under any of the capacitating conditions. The shedding of BSP1 was reported to be associated with cholesterol removal when epididymal sperm were coated with purified BSP1 and then incubated with highdensity lipoprotein (HDL) purified from follicular fluid to capacitate them [39] . The response of BSP1 could have been different in those experiments, because they were performed with sperm that lacked the other two BSP proteins and because HDL was used to capacitate the sperm. A previous study showed that when fresh bull sperm, which had the physiological coating of all three BSP proteins, were incubated in capacitation medium for up to 24 h, most BSP1 remained on sperm membranes [50] . Therefore, we propose that BSP1 is lost slowly, if at all, during the initiation of capacitation in the sperm reservoir.
We were surprised to see the appearance of a lower molecular mass of BSP3 during incubation. By using MS analysis, we confirmed that the lower molecular mass contained BSP3 and that the protein was probably cleaved at its N terminus. We were also surprised to find out that the 15-kDa BSP3 contained two amino acids that had been considered to be part of the signal peptide. The predicted signal peptide is very hydrophobic, making it difficult to be resolved by MS. We attempted to pinpoint the cleavage site by Edman sequencing but failed because Edman sequencing data showed that the N terminus of the 13-kDa BSP3 was heterogeneous, indicating that there might be more than one cleavage site or more than one protease involved in the cleavage. Because the molecular mass of the signal peptide is estimated to be about 2 kDa, it is very possible that the whole length of the putative signal peptide was retained during vesicular secretions and was only proteolytically cleaved by protease(s) later on. We attempted to cleave the signal peptide between asparagine (no. 24) and glycine (no. 25) with hydroxylamine. Unfortunately, nonspecific cleavages by hydroxylamine prevented us from confirming the presence of signal peptide in the 15-kDa BSP3.
Our results suggest that BSP3 is cleaved by protease(s) on sperm membranes during incubation. Various sperm surface proteins with proteolytic property have been identified over the years. For example, each protein in the ADAM family contains a metalloprotease domain and some of them have been reported to play a role in fertilization (reviewed in [56] ). ADAM3 has been demonstrated to be required for passage of sperm into the oviduct, because sperm from males that are null mutants for ADAM3 are unable to enter the oviduct [57] . Other proteins such as PRSS21 (testisin/TESP5) [58, 59] and BSp120 [60] , which are serine proteases found on mouse and bull sperm surfaces, respectively, have been implicated in the fertilization process; however, their role in sperm movement in the oviduct has not been investigated. Further study is needed to find out which sperm surface protease is responsible for the cleavage of BSP3. To make sure that the cleavage of BSP3 was not due to release of acrosomal enzymes during the various treatments, we examined the acrosome status of sperm and found that acrosomal loss did not increase during 5 h incubation in any of the treatments (Fig. 10) .
The differing responses of BSP proteins to capacitating conditions indicate that the composition of the BSP coat of sperm changes during capacitation, even under the mildest of capacitating conditions. Because each BSP protein alone can bind epididymal sperm to oviductal epithelium [20] and each BSP protein interacts with a different subset of the four ANXA proteins that are putative oviductal receptor [29] , it would follow that the types of interactions of sperm with oviductal epithelium change as sperm initiate capacitation in the oviduct, especially as they lose BSP5 and as BSP3 is cleaved. Previously, our laboratory reported that when bull sperm were capacitated before addition to oviductal epithelium, the incidence of binding to the epithelium was reduced [16] . An example of what could occur during capacitation of sperm in the oviduct is that, first, BSP5 binds to ANXA1, ANXA2, and ANXA4 [30] . If a sperm in the lower isthmus loses BSP5 from its surface, the strength of its binding to ANXA1, ANXA2, and ANXA4 would lessen and the sperm might pull itself free of the epithelium. After moving around a bit in the lumen, it might bind again, via BSP1 or BSP3, both of which bind ANXA5. The process of reduction of binding affinity, detachment from the epithelium, and reattachment to the epithelium could repeat several times, as has been reported to occur in the mouse [15, 61] . If the ANXA proteins were distributed in a pattern that would increase the likelihood of sperm reattaching further along the oviduct, then this series of events would result in movement of sperm up the oviduct. Verification of this proposed mechanism of sperm movement up the oviduct requires extensive investigation.
It should be noted that attachment of sperm to oviductal epithelium is not confined to the region of the reservoir in the lower oviduct. Recently, we reported observing mouse sperm tightly bound to epithelium in the ampulla of the oviduct shortly before and after ovulation [62] . Therefore, sperm can continue to interact with oviductal epithelium after leaving the reservoir. The BSP1 that remains on sperm after capacitation could play a greater role in binding sperm to epithelium in the ampulla of the oviduct than BSP5.
In summary, we demonstrated that BSP proteins, which bind bull sperm to oviductal epithelium, respond differently to capacitating conditions. The different loss or modification of BSP proteins suggests that a mechanism exists to regulate sperm movement along the oviduct. Further study is needed to investigate how the loss/modification of BSP proteins change sperm binding affinity for different ANXA proteins, the putative binding partners of BSP proteins on oviductal epithelium [30] .
